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The total number of adult mice scored for each genotype class and that there are strain-specific differences between the background is shown, with the number that circled in parentheses.
CD1 and 129 mice that can modify the phenotypes associated with EphB mutations.
and B-ephrins activate bidirectional signal transduction
Circling and the EphB2 Cytoplasmic Domain cascades involving phosphotyrosine interactions and To determine if a "forward" cell-autonomous activity of that each of these molecules behaves as both a receptor EphB2 is important in the vestibular system, adult CD1 and a ligand. mice homozygous for the EphB2 lacZ allele were scored We show here that EphB2 is required in the vestibular for circling. Since this mutation results in the expression system. These functions were first realized by finding of a truncated EphB2 receptor retaining its extracellular that adult mice mutant for EphB2 exhibit a hyperactive and transmembrane domains but lacking its tyrosine circling locomotion. Analysis of mutant embryos rekinase domain and C-terminal tail, it allows us to detervealed midline defects in the pathfinding of a unique mine the autonomy of the signal it sends/transduces. group of commissural axons that innervate the ear, while
We found that 91% of the CD1 EphB2 lacZ ϩ EphB3 adult in adults the ducts of the semicircular canals are colcompound homozygotes circled (Table 2) . This provides lapsed, apparently due to defects in endolymph fluid strong evidence that the cytoplasmic domain of EphB2 production. Genetic data suggest the cytoplasmic dois required for normal functioning of the vestibular main of EphB2 is required for both axon guidance and system. endolymph production. Consistent with a cell-autonomous role in fluid regulation, PDZ domain-containing
Expression of EphB2 in the Embryonic proteins that bind the C-terminal tail of EphB2 are shown
Vestibulo-Acoustic System to also recognize the C termini of certain anion exand Hindbrain changers and aquaporins. Colocalization studies and As early as embryonic day 11.5 (E11.5), EphB2 is localbiochemical analysis further demonstrate that a protein ized to pioneer axon fibers of the vestibulo-acoustic VIII complex containing EphB2 and Aquaporin-1 is formed ganglion sensory neurons (Henkemeyer et al., 1994) . To in vivo.
extend this analysis, EphB2 lacZ embryos were stained for EphB2-␤gal activity, as this fusion protein mimics with high resolution the normal localization of the wild-type Results receptor . With this method, intense EphB2 expression could be detected in axons EphB Mutant Mice Exhibit Vestibular Dysfunction Our initial studies of the EphB2 ⌬ , EphB2 lacZ , and EphB3 of the VIII ganglion throughout development (Figure 1 ). In addition, EphB2 was found in nonsensory structures (Sek4) mutations were performed with mice of the 129 inbred strain or in 129 ϫ CD1 and 129 ϫ C57BL/6J (B6) of the ear, most notably in epithelial cells immediately adjacent to the sensory epithelium in the semicircular hybrids . Through multiple backcrosses, these mutations were canals and utricle ( Figures 1C, 1E , and 1G), and the stria vascularis of the cochlea ( Figures 1F and 1H ). moved into the CD1 and B6 backgrounds. Quite unexpectedly, we found that 61% of the CD1 EphB2 ⌬ single
In whole-mount open-book preparations of the embryonic hindbrain, EphB2-␤gal was detected in the axhomozygote adult mice exhibited a circling behavior that was not observed in either the 129 or B6 backons of the IEE and facial (VII) motor neurons ( Figure 2A ). The IEEs are very unusual as they can send axonal grounds (Table 1 ). In addition, the afflicted CD1 mutants were hyperactive, exhibited rapid head bobbing and projections to either the ipsilateral ear, the contralateral ear, or into both ears (Highstein, 1991; Fritzsch and Nichtwirled excessively when picked up by the tail. These classic waltzer phenotypes are all signs of abnormal ols, 1993; Simon and Lumsden, 1993; Fritzsch, 1996) . Double labeling with the axon-tracing agent BDA and vestibular function (Deol, 1966) . Further crosses were sensory connections. These experiments showed that the afferents reached all sensory epithelia in control and mutant ears by E12.5 (data not shown). Thus, the Other Eph Receptors and B-Ephrins Are Expressed absence of EphB2 and EphB3 does not lead to a major in the Hindbrain disruption in the organization of these sensory projecLike EphB2, EphB1, EphB6, and EphA4 receptors were tions. found to be expressed in r4 in the region where the IEE neurons are located (Figures 3). EphB1 was particularly strong in the cell bodies, while EphA4 labeled both axDelayed Growth of Efferent Projections into the Ear in EphB Receptor Mutants ons and cell bodies. EphB1 and EphA4 were also detected along the ventral midline. The distribution of To visualize the ipsilateral IEE projections, DiI was placed into the hindbrain to anterogradely label the efephrin-B1 is very similar, being found both in the floor plate and in axons, including some crossing the midline ferent fibers that extend into the ear. At E13.5, the growth of efferents into both the ipsilateral and contralateral ( Figure 3E ). In contrast, ephrin-B2 ( Figure 3F ) and ephrin-B3 (Gale et al., 1996; Bergemann et al., 1998) are exears was obviously delayed in the mutants (Figure 4) . In both EphB2 ⌬ and EphB2 lacZ mutants, the growth cones pressed only in the midline. the neural tube on the side opposite to the injected ear (arrowheads in Figures 5A and 5C) . Moreover, the commissural axons that connect these neurons to the contralateral ear are clearly labeled as they cross the midline in the ventral floor of r4. Tracing of EphB2 single homozygotes and EphB2 ϩ EphB3 compound homozygotes at E12.5 revealed an absence or severe reduction in labeled commissures and contralateral cell bodies in r4 ( Figure 5B ). By E13.5, some commissures and contralateral cell bodies could be observed in the mutants ( Figures 5D and 5E) ; however, the labeling was greatly reduced. This analysis also revealed a specific navigation error in some contralaterally projecting axons. Rather than directly crossing the floor plate to head toward the contralateral ear, a number of axons in the mutants were observed to have taken a wrong turn and extended caudally down the midline of the hindbrain, often reaching as far as r7 (Figures 5F-5H Figure 8B) . These experiments resulted in the detection of AQP1 nels. We directly tested whether any of the C termini protein only in the mixes with the GST-Pick-1-PDZ doare not available, so it has been difficult to confirm the presence of this PDZ domain protein in the EphB2 immain, with both glycosylated and nonglycosylated forms of AQP1 being recognized.
Abnormal Semicircular Canals in EphB
munoprecipitates. As an alternative approach, we attempted to compete away the ability of AQP1 to copurify As Pick-1 is known to homo-oligomerize through its C-terminal tail, coimmunoprecipitation experiments were with EphB2 by adding increasing amounts of a bacterialexpressed Pick-1 PDZ domain to the immunoprecipitaperformed to see if a macromolecular complex containing both EphB2 and AQP1 can be detected. Antitions. In these experiments, addition of the PDZ domain resulted in a concentration-dependent reduction in the EphB2 antibodies were used to immunoprecipitate this receptor from wild-type and EphB2 mutant kidneys. Folability of AQP1 to be precipitated by the anti-EphB2 antibodies (data not shown). The ability to disrupt this lowing stringent washing, the immune complexes were then immunoblotted with anti-AQP1 antibodies. This recomplex with excess-free PDZ domain provides additional evidence for the idea that EphB2 and AQP1 are sulted in a very strong AQP1 signal that was detected only from wild-type kidneys ( Figure 8C ). AQP1 was not bridged by PDZ domain-mediated interactions. If EphB2 and AQP1 do form a multiprotein complex, precipitated from the EphB2 mutant kidneys. The use of EphB2 mutant kidneys for the control in these experiit would be expected that they are coexpressed in the same cells. We therefore investigated the expression ments provides conclusive evidence that EphB2 and AQP1 can form a stable macromolecular complex, prepatterns of EphB2 and AQP1 in cryostat sections of adult kidneys using immunofluorescence (Figure 9 ). sumably through the ability of Pick-1 to homo-oligomerize. Unfortunately, antibodies that recognize Pick-1 These experiments determined that both EphB2 and 
AQP1 colocalize in the nephron to the cells of the proxiinner ear. The concept that Eph-ephrin signals may modulate proteins that control ionic homeostasis is novel mal tubules. and adds to the growing list of diverse roles being uncovered for these molecules in development and in adult Discussion
life.
The molecular signals that guide axons across the midEphB2 Modifiers line are just beginning to be unraveled. In this report, Only the CD1 EphB2 mutants circle and show defects we describe genetic experiments in developing mouse in the semicircular canals and vestibular dark cells. The embryos that show EphB receptors play an important same mutations did not cause circling if mice were of role in guiding a specific class of commissure axons the 129 or B6 backgrounds. Why does the genetic backacross the midline, those of the IEE neurons. We further ground strain of the mouse influence the phenotype describe abnormal vestibular function in adult mice lackobserved for the EphB2 mutations? In many different ing EphB2 and that this is associated with ultrastructural genetic systems, the background has been shown to defects in the dark cells that normally express EphB2 influence the resulting phenotype observed for some and are responsible for the production of endolymph mutations, including other receptor tyrosine kinases in fluid. In a molecular connection to fluid regulation, we the mouse (Sibilia and Wagner, 1995; Threadgill et al., find that PDZ domain-containing proteins can bind to 1995). One possible explanation for such background the C-terminal tails of EphB2 and a number of other effects is that there are one or more modifier genes that membrane proteins involved in regulating ionic homeohave allelic differences between strains. We theorize stasis. Importantly, we demonstrate that EphB2 and one that modifier loci in the CD1 background contain sensitive alleles that cannot compensate for the absence of of these other proteins, AQP1, can form a stable comEphB2 and EphB3 expression in the vestibular system, plex in the cell. These data introduce a potentially new while the alleles present in the 129 or B6 strains complemolecular mechanism by which Eph receptors and ment for the lack of receptor expression. In the scheme ephrins are linked to the regulation of ionic composition, envisioned here, a modifier gene could encode another particularly in the production of endolymph fluid in the Eph family receptor or ephrin that is required in a redundant fashion with EphB2 and EphB3 for normal function of the vestibular system. Indeed, mutations in the EphB3 EphB2 mutant embryos. Eventually, these commissural that the EphB2 cytoplasmic domain is important for their guidance. axons were observed to enter the floor plate, however, many of them then failed to extend laterally away from Although the ectopic axons projecting into the caudal hindbrain were found in most mutant embryos at E13.5, the midline toward the contralateral ear. Instead, some axons projected in an aberrant caudal direction down only some mutants showed such fibers at E14.5, and none were found at birth. This suggests that the absence the hindbrain along the ventral midline. Therefore, we conclude that EphB2 and EphB3 are key players in the of EphB2 and EphB3 function may only cause a temporary delay and disorientation of the efferent axons. In early navigation of the contralateral IEE axons into and across the midline. Since EphB2 is expressed in these addition to EphB2, the receptors EphB1, EphB6, and EphA4 (and presumably EphB3) are all likely expressed axons and the EphB2 lacZ mutation caused the same pathfinding errors as the protein-null allele, the data indicate on the IEEs (see also Kü ry et al., 2000). Perhaps these and are therefore important in pH regulation, bicarbonconclude that this receptor plays a direct role in some ate metabolism, and control of cell volume. These moleaspect of endolymph production.
cules have intracellular N and C termini and 14 transAlthough our analysis focused mainly on the vestibular membrane domains that form the anion channels. They system, we were able to determine that EphB2 mutants are known to be localized to the basolateral membranes are able to respond to a simple auditory test. In addition, of epithelial cells and form a tetramer. Anion exchangers sections of the cochlea did not reveal any obvious abare also thought to be able to provide structural linkage normalities, and the size of the cochlear duct appeared between the plasma membrane and the underlying normal (data not shown). Although the cochlear and cytoskeleton ( 
